Interactive comments on "The role of storm dynamics and scale in controlling urban flood response" Reviewer 1: The paper presents interesting data-driven analyses of rainfall-runoff processes for flood events using a unique dataset of stream gauges in combination with radar rainfall data. The paper is well written and easily understood and my comments below are primarily suggestions to further analyses rather than criticism of the conducted work. AR: we thank the reviewer for his positive comments and valuable suggestions to which we respond below.
Flowpath analysis
It is completely unclear how this was done. Is this meant to capture channel flows only or both channel and hillslope flows? In their lag time analysis, how did they account to spatially varying roughness/velocity? The nature of this analysis has large implications in interpretation of the results. AR: The methodology of rainfall-weighted flow distance analysis has been used in multiple previous, well-cited publications by our group as well as by other groups ; Smith et al (2005) ; (Zoccatelli et al. (2011); Nikolopoulos et al. (2014) ; Emmanuel et al (2015) ). It represents the position of a storm relative to the flowpath network and is used to analyse how storm position and movement influence hydrological response (flow peak and lag time). Regarding the reviewer's question about lag time analysis: we derive lag times directly from the data, as explained in section 2.2.1. Hence, there is no need to make assumptions about flow velocities as one would do in an empirical hydrological model. I find the manuscript a very difficult and frustrating read due to loose notations and very liberal use of certain expressions. I illustrate this using a couple of examples below. Hydrologic response -I am not sure exactly what the authors mean by this expression which is used numerous times throughout the manuscript. In this work, the authors deal with streamflow response at the catchment and subcatchment outlets only. Urban flooding is a concern not only along the main channels, for whose response the outlet flow is a reasonable descriptor, but also in all upstream areas. I was led to believe by the title that this study deals with the role of spatiotemporal variability of rainfall on urban flooding across scale but it is largely about catchment-and subcatchment-wide response to rainfall. AR: we realise that the use of the term "rainfall spatial distribution" in the abstract may have been misleading and will replace this by "storm position, movement and scale", as indicated in our reply above. To our knowledge, the term hydrological response is commonly used to describe aspects of rainfall-response in hydrological systems, including peak flow, lag time, runoff ratio etc. The term flood response, then, is used refer to hydrological response to intense events, in the upper tail of the rainfall frequency distribution. To clarify this point, we have rephrased the text in the abstract and introduction, where we outline the context and purpose of our study, to "hydrological response at the (sub)catchment"
Variability -The authors introduce many different types of variability in the manuscript: spatial variability, temporal variability, catchment variability, flow variability, peak flow variability, lag time variability, variability in runoff ratio expressed in terms of CV, climatological variability and possibly more. Many of these expressions are, however, rather loosely defined or undefined. For example, by "climatological variability", I believe the authors mean event-to-event variability. Also, fractional coverage is part of spatial variability of rainfall. If the authors mean inner variability, i.e., variability of positive rainfall by "variability of rainfall", they should indicate as such. If CV is used to measure variability, the authors should clearly state of what quantity, if not the complete mathematical expression. Again, the numerous loose descriptions, definitions and notations (see below) make reading this manuscript rather frustrating in that one has to guess at what the authors may actually mean. AR: we have used the term variability predominantly to refer to spatial variability of rainfall and to variability in frequency distributions, in terms of coefficient of variation or inter-quantile range (for distributions of values for peak flow, lag time and runoff ratio. This terminology is commonly used in the literature and we did not expect it to be a cause of confusion. We have screened the text and replaced the term "variability" by more specific terms like quantile range and CV, where appropriate.
3 Inconsistent and missing notations There are many places where the notations are missing, inconsistent, if not incorrect, or confusing. For example, on page 9, r and r(t,x) are never defined. If they mean the same, this is an abuse of notation as the former is a variable and the latter is a function. Also, the usual notation would be r(x,t), not r (t,x) . Neither is DRw(t) defined. I do not see how D(t) is a random variable that takes values from 0 to 1. According to Eqs.(8) and (9), if there is excess runoff at time t, D(t) should be zero (assuming r(t,x) denotes rainfall at time t and flow path x). And yet, in Fig 5 , RWD seems to be positive even when r(t,x) is zero. AR: Indeed, a definition of r(t,x) , used in equation 9, is missing. Thanks for spotting the omission, we will correct this. DRw(t) should be D(t), this will be corrected. D(t) is a distance value normalised by maximum flow distance and varies from 0 at the outlet to 1 at the maximum flow distance, i.e. at the headwaters of the catchment, as explained in section 2.2.2. Since RWD is distance multiplied by weighted rainfall it is indeed zero when rainfall is zero. In figure 5, RWD is above zero only when rainfall intensity is above zero (it may be very low, but not zero).
4 Significance There are 7 specific conclusions the authors draw from this work which are stated in the Summary and Conclusions Section as well as in the abstract. In my view, most of them are already well known and established. I suspect that most practicing hydrologists and water resources engineers, particularly in urban areas, would find them largely a restatement of what they already know and practice. For the last "unexpected" conclusion, the authors state "We find that urbanisation plays a minor role in explaining variability in peak flow and lag time in the five basins in Little Sugar Creek." It is not completely clear what is meant by "variability of peak flow and lag time" but, assuming the authors meant event-to-event variability, the above is explained by the following two observations. The first is that these are small catchments (_111.1 km2) and hence, when there is heavy rainfall, it is very likely rain over most or all of the catchment area. This greatly reduces the likelihood of impervious areas amplifying event-to-event variability in runoff generation as they will almost always generate runoff. The second is that, unlike pervious areas, impervious areas will run off essentially all rainfall. As such, there is little event-to-event variability to be expected over impervious areas in small catchments. AR: We believe the conclusions are not quite as obvious as the reviewer suggests. A few examples to illustrate this: -in conclusion 2: "Lowest peak flow variability is found for the most urbanised basin". In many previous studies it has been assumed that urbanisation leads to higher peak flow variability. -in conclusion 5 and 6: the position and movement direction of a storm play a minor role in explaining variability in hydrological response compared to rainfall volume and peak intensity. This is contrary to previous studies, where storm position and movement have been found to influence flow peak and lag time, often based on very small data samples or theoretical modelling studies (see e.g. Ogden et al., 1995; Seo et al., 2012; Ruiz-Villanueva et al., 2012) . It is important to recognise that this large set of field data challenges previous findings. -last conclusion: contrary to what the reviewer states, our data show (figure 3) that the scale of a large fraction of the storms is (much) smaller than basin scale, especially for the larger basins (>10km2). Hence, one would expect variability in flow response for storms that are spatially concentrated over urban regions versus those that are concentrated over non-urban regions. Our data do not confirm this and we give possible explanations why the field data are probably showing a strongly smoothed signal.
Interactive comments on "The role of storm dynamics and scale in controlling urban flood response" Reviewer 3: This paper presents a thorough and well-presented empirical analysis of storm rainfall and runoff across a number of highly urban basins. It is perhaps overly ambitious in brining so many facets together in one paper, leading to some difficulty for the reader to seperate each of the analyses undertaken, but this is balanced by high quality analysis on a large number of high resolution flood events across 5 basins. The paper has 7 substantial conclusions, and each of them is based on a sound analysis of robust data. The language and presentation is overall good, and the paper is well presented.
Specific comments
The last two sentences of the abstract are unclear and unjustified -they can be improved easily. AR: we have rephrased the last sentences of the abstract as follows: "Unexpectedly, position of the storm relative to impervious cover within the basins had little effect on flow peaks. These findings show the importance of observation-based analysis in validating and improving our understanding of interactions between spatial distribution of rainfall and catchment variability."
The role of soil moisture has not been considered in the paper -can the authors comment and justify on why this has not been considered in their analyses. AR: in a separate study by Zhou et al (2017) the influence of antecedent rainfall, as a measure for soil moisture content, on flood response was analysed for a larger group of catchments in this region. They did not find a significant impact and concluded that other factors are dominant in explaining flood response. The following text was added in section 1 (p. 4): "Our study focuses on spatial storm characteristics and does not look at effects of time between rainfall events or the time since the last rainfall event and how that affects the flood peaks. In a recent study by Zhou et al. (2017) the effect of watershed wetness was investigated for the Charlotte region; they did not find a significant influence of antecedent rainfall on flood response." Figure 2 and the data-are the event data normal and if not have they been normalized before statistical comparison between events. Also -for rainfall, are the rainfall events in fact not independent -and does this not affect the validity of any comparison between catchments if indeed what is being compared is essentially the same rainfall events that pass over them all? Which sites are significantly different in the plot? AR: The data are not normally distributed, as one can see from the skewedness of the boxplots in figure 2. Data have been normalised by catchment area to compare between basins of different size. Table 2 shows the degree of overlap between storms for the different catchments: varying between 20% for the basins furthest apart (LHope and UBriar) to 69% for the upper and lower LSugar Creek basins. However, as we can see in figure 2, differences in degree of overlapping storms between basins do not result in more similar rainfall or flow patterns We added the following text (p. 14-15): "As we can see in figure 2, a higher degree of overlapping storms between basins does not result in more similar rainfall or flow patterns: rainfall and flow characteristics are as similar or dissimilar for Upper compared to Lower LSugar Creek as they are for LHope and UBriar or other sets of non-overlapping basins. Even if flood events in different catchments are generated by the same rainfall events, the characteristics of the rainfall as it affects the catchments is very different." Figure 5 -what is the z axis scale on line 2 -0-1%? I assume it means 0-100%. Also one of the plots then exceeds 100% in the graphic. AR: thanks for pointing this out, the scale should be 0-1, not %. The peak value that seemed to exceed 1 is an artefact caused by the line thickness. We have adjusted the figure (z-scale and line thickness).
The general layout is difficult to follow as tables are referenced well before they are placed in the document -which can make the paper hard to follow -can this be improved in the final manuscript (e.g. Table 4 ). Tables have been placed closer to where they are referenced.   I'm confused with Tables 3 and 4 and how they are used in the conclusions -please address the following points. 1. In table 3 you state associated p values are set out, but I see no actual reported p values, only asterix to indicate a p value that is significant, here at 5%. 2. Next in table 4 the significant correlations are in bold, rather than asterix being used. In both it seems Spearman rank correlation and significance -see Table 3 where LLSugar has a 0.25* for Tlag-RWD(ih), while LHope has 0.26 -are not related. 3. First in conclusion 4 its stated that dynamics of rainfall coverage are important drivers of rainfall variability -with spearman ranks values exceeding 0.8 for the five basins -from where is this data taken or reported in the paper -what table reports this? 4. Next in conclusion 4 you note maximum rainfall coverage (storm core?) is significantly and positively correlated with peak flow for two of the five basins (smallest and largest), with values of 0.33, and not significant correlation in the others. Again I cannot seem to link this reporting to the results in text or table. The only 0.33 reported is for UBriar in table 4 and also referred to in the text. AR: We hereby reply to each of the 4 points mentioned by the reviewer; thanks for pointing out the inconsistencies between tables and conclusions: 1.-2. Tables 3 and 4 have been merged into a single table, significance at the 5% level is indicated  by asterix symbols. 3. Spearman rank correlation values for first-order differences in rainfall coverage versus rainfall intensity are reported in section 3.2 (just above heading of section 3.3.). The conclusion was rephrased to make the connection with the text more clear. 4. We agree this conclusion was not clear. We have split conclusion 4 into two separate conclusions and revised the text substantially. I feel conclusion 7 is interesting and warrants further discussion or possible explanation -as urbanisation more than doubles in some catchments and the general consensus is more urbanisation equals more runoff and higher peak flows. This should also include some caveat regarding the fact storm water infrastructure was not included. AR: we have rephrased conclusion 7 to more clearly reflect the conclusion we draw from our analyses: "Impact of spatial variability in urban land cover on hydrological response is investigated based on rainfall-weighted flow distance over impervious areas. We find that position of the storm relative to impervious cover within the basins had little effect on flow peaks. A possible explanation is that for the largest basins, where spatial rainfall variability is higher, imperviousness is relatively homogenously distributed and more smoothing by the flowpath network occurs. By contrast, for the smallest basin, where imperviousness is concentrated in the upper part of the basins, highest peak flows were all associated with rainfall over this part of the basin."
The impact :::::
role : of rainfall :::::::: storm ::::::::: scale, ::::::::::::: position : and catchment scales :::::::::::::::: movement in controlling urban flood response Abstract. The impact of spatial and temporal variability of rainfall on hydrological response remains poorly understood, in particular in urban catchments due to their high ::::: strong : variability in land-use, high degree of imperviousness and the presence of stormwater infrastructure. In this study, we analyse the effect of rainfall spatial distribution with respect ::::: storm ::::: scale, ::::::: position ::: and ::::::::: movement :: in :::::: relation : to basin scale and flowpath network structure on urban hydrological response. A catalog of 279 peak events was extracted from : a :::: high ::::::: quality ::::::::::: observational :::::: dataset :::::::: covering : 15 years of high resolution flow observations and 5 radar rainfall data for five (semi)urbanised basins ranging from 7.0 to 111.1 km 2 in size. Results showed that largest peak flows in the event catalog were associated with storm core scales exceeding basin scale, for all except the largest basin. Spatial scale of flood-producing storm events in the smaller basins fell into two groups: storms of large spatial scales exceeding basin size or small, concentrated events, with storm core much smaller than basin size. For the majority of events, spatial rainfall variability was strongly smoothed by the flowpath network, increasingly so for larger basin size. Correlation analysis showed 10 that position of the storm in relation to the flowpath network was significantly correlated with peak flow in the smallest and in the two more urbanised basins. Analysis of storm movement relative to the flow path network showed that direction of storm movement, upstream or downstream relative to the flowpath network, had little influence on hydrological responsevariability.
Slow-moving storms tend to be associated with higher peak flows and longer lag times. Unexpectedly, spatial distribution of imperviousness along the flowpath network did not significantly alter hydrological response in relation to spatial storm 
Introduction
The interactions between spatial and temporal variability of rainfall and hydrological response characteristics have been the 20 topic of numerous empirical and modelling studies in the past decades (Anquetin et al., 2010; Lobligeois et al., 2014; Morin et al., 2006; Segond et al., 2007; Syed et al., 2003; Tetzlaff and Uhlenbrook, 2005; Volpi et al., 2012; Yakir and Morin, 2011) .
They have shown that interactions depend on the complex interplay between rainfall variability and catchment heterogeneity 1 in ways that remain poorly understood. This is the case in particular for urban catchments where high ::::: strong variability in land-use, high degree of imperviousness and the presence of stormwater drainage and detention infrastructure increase the complexity of hydrological response (e.g., Bruni et al., 2015; Fletcher et al., 2013; Meierdiercks et al., 2010; Smith et al., 2005 Smith et al., , 2013a Yang et al., 2016) .
Urbanisation tends to be associated with higher peak flows induced by reduced infiltration rates on impervious surfaces and 5 with shorter response times. (e.g., Rose and Peters, 2001; Cheng and Wang, 2002; Du et al., 2012; Huang et al., 2008) .
On the other hand, several studies have found mixed effects of urbanisation on peak flows and response times, associated with a combination of imperviousness and flood mitigation measures, especially for basins where urbanisation has predominantly taken place after implementation of stormwater control legistlation :::::::: legislation (e.g., Smith et al., 2013a; Hopkins et al., 2015; Miller et al., 2014) . Niemczynowicz (1999) ; Schilling (1991) the importance of spatially distributed rainfall information at high resolution to study response in urban basins. Thanks to the advances of weather radar, such information is becoming increasingly available (Krajewski and Smith, 2002; Berne and Krajewski, 2013) , typically at 1 km spatial resolution (Smith et al., 2007) , and in some cases down to less than 100 m (Otto and Russchenberg, 2011; Chen and Chandrasekar, 2015) : ucts and found that storm event water balance and hydrological response times varied with the radar product used for analysis. Berne et al. (2004) derived relationships for critical rainfall resolution for urban hydrology, using high resolution radar rainfall datasets over 6 basins in the Mediterranean region. They found that temporal and spatial rainfall resolution required for urban hydrological analysis varied from about 5 min, 3 km for basins ∼10 km 2 , to about 3 min, 2 km for basins of ∼1 km 2 scale. Radar rainfall data have been used in various studies in recent decades to drive hydrological models and sensitivity of 20 urban hydrological response to spatial and temporal rainfall variability. Bruni et al. (2015) and Ochoa-Rodriguez et al. (2015) used rainfall data from a polarimetric rainfall radar, at ∼30-100 meters and minute resolution to drive semi-distributed hydrodynamic models of one respectively seven highly urbanised catchments in NW-Europe to study urban hydrological response for a range of rainfall input resolutions. They found that sensitivity of flows to rainfall variability increased for smaller basin sizes and that hydrological response was more sensitive to change in temporal than in spatial rainfall input resolution. Gires London, by downscaling radar rainfall data from 1 km and 5 min resolution to a resolution 9-8 times higher in space and 4-1 times higher in time. Uncertainty in simulated peak flow associated with small-scale rainfall variability reached 25% and 40% respectively for frontal and convective events. Rafieeinasab et al. (2015) analysed sensitivity of hydrological response to rainfall variability for 5 urban catchments of different sizes, located in the City of Arlington and Grand Prairie (U.S.), using 30 a distributed hydrological model. They found that while flow variability was better captured using higher resolution rainfall input, errors in reproducing flow by the models remained equally large, with peak flow over-and underestimations by more than 100%. flood response. They found that peak flows in the larger basins (∼50-100 km 2 ) were dominated by large-scale storms, while more concentrated organized thunderstorm systems dominated in the smaller basins (∼7-30 km 2 ). They also identified limitations of this and similar modelling studies, where hydrologic response may be attributable to errors in radar rainfall estimates or to features that were omitted or poorly represented in the model, such as detention ponds, the spatial distribution of layered soils, and, in particular, initial soil moisture. 5 et al. (2002) used a data-driven approach to study relationships between temporal and spatial rainfall variability and hydrological response in urban basins. They introduced the concept of rainfall-weighted flow distance, representing storm position and movement relative to the flowpath network in the basin. In their study, they analysed hydrological response in five semi-urbanised basins in the US for five extreme flood-producing storms based on detailed radar rainfall and flow observation 10 datasets. They found that fractional coverage of a basin by heavy rainfall is a key element of scale-dependent flood response:
Smith
storm event scales, i.e. spatial (area, length) and temporal (duration) smaller than the basin scale (basins length, response time) leads to lower runoff ratios and flood peak as compared to when scales of rainfall and basin are similar. Storm motion was found to be amplifying peak flow under particular conditions: storm motion from the lower basin to the upper basin on a timescale of approximately 2 hours served to amplify peak discharge for the case of a large, ∼100 km 2 basin, relative to other modes of 15 storm motion. In Smith et al. (2005) , spatial rainfall variability in relation to the flowpath network was analysed for 25 flash flood producing storms in a 14 km 2 urban watershed. They found that spatial rainfall variability was strongly smoothed by the flowpath network resulting in hydrological response for storms with widely varying spatial rainfall variability being strikingly similar.
Other authors have used similar concepts to study hydrological response in natural basins. In an extensive study of 300 events 20 over a 148 km 2 basin in Arizona, Syed et al. (2003) found that runoff volume and peak were strongly correlated with areal coverage by the storm core (>25 mm/h rainfall intensity). The importance of storm core's position increased with basin size, with storm core positioned in the central portion of the watershed producing more runoff and higher flood peaks. Morin et al. (2006) found that the sensitivity of flood response (in terms of flood peak magnitude and peak timing) to spatial rainfall variability increased with storm intensity, which they attributed to high flow velocities during intense storms. Similar results were 25 found by Lobligeois et al. (2014) who analysed the influence of spatial rainfall variability on hydrological response in 181 catchments in France based on spatial rainfall variability, storm position and catchment-scale storm velocity indices. They found that flow simulations by hydrological models benefited from spatially distributed rainfall input for large catchments and strongly spatially distributed rainfall fields. Nicotina et al. (2008) analysed rainfall variability in a numerical study for large basins up to several thousand km 2 and found that spatial variability of a storm was more important than variability in total 30 rainfall volume over the basins. This was attributed to the dominant influence of hillslope flow at scales typically smaller than the rainfall variability scale, smoothing differences in travel times to the basin outlet. Only in very large basins (>8000 km 2 ) channel flow became more important, leading to stronger sensitivity to rainfall spatial distribution ::::: spatial :::::: rainfall ::::::::: variability. Zoccatelli et al. (2011) analysed rainfall coverage, storm position and movement relative to the flowpath network for 5 storms in 5 different basins in south-east Europe. Based on a model sensitivity study, they found that peak timing error introduced 35 3 by neglecting rainfall spatial :::::: spatial :::::: rainfall variability ranged between 30 % to 72% of the corresponding catchment response time. Nikolopoulos et al. (2014) analysed the role of storm motion using radar rainfall data to drive two models of varying complexity. They found that storm motion did not play a significant role in generating hydrologic response for a large storm event, in basins sized 8-623 km 2 . Emmanuel et al. (2015) investigated impacts or rainfall spatial ::::: spatial ::::::: rainfall : variability on hydrological response using a model simulation approach and found significant dispersion in results obtained for events 5 for different simulation scenarios, showing the need for studying larger sets of events to derive robust general conclusions.
Modelling studies reported in the literature have remained unconclusive with respect to the interactions between rainfall and catchment scales (Ogden et al., 2011; Morin et al., 2006; Nicotina et al., 2008; Rafieeinasab et al., 2015) . This emphasises the importance of using field observations to corroborate preliminary conclusions drawn from model simulations. -How does rainfall scale interact with basin scale in determining urban flood response? We use fractional coverage to express the relation between rainfall scale versus basin scale and to investigate the dependencies of flood peak magnitude and lag time on rainfall scale.
25
-Does the position of a storm in relation to the flow path network influence flood response? We use the concept or rainfallweighted flow distance (RWD) to identify the position of a storm relative to the flowpath network and analyse whether storms concentrated in the upstream part of the catchment are associated with significantly different response compared to storms concentrated in the centre or near the basin outlet.
-How does storm direction and velocity in relation to the flow path network influence flood response? We use first-order 30 differences in RWD to characterise storm movement and investigate if storms passing over the basin in downstream direction lead to significantly different hydrological response compared to storms moving in upstream direction and storms moving perpendicular to the main flow direction.
-How does the position of a storm in relation to the spatial distribution of imperviousness influence flow :::: flood : response?
This paper is organised as follows: in section 2, the case study area, datasets and methods used in this study are introduced.
Results are presented and discussed in section 3, followed by summary and conclusions in section 4.
Data and Methods

Study region, rainfall and flow datasets
The data used in the study were collected at five USGS stream gauging stations in Charlotte-Mecklenburg county, North Car-5 olina. Gauging stations are located at the outlet of hydrological basins that range from 7.0 km 2 to 111.1 km 2 in size. The area is largely covered by low to high intensity urban development, covering 60% to 100% of basin areas. Percentage impervious cover varies from 25% in the least developed to 48% in the most urbanised basin covering the city centre of Charlotte. Figure available for the summer season, April to September, events were extracted exclusively for this period. Flood events are local maxima in discharge for which there is not a larger discharge in a time window of 12 hours centred on the peak time. Events with incomplete rainfall or discharge data were excluded from the dataset. This resulted in a catalog of 50 to 69 storm events per basin (see table 1 ).
Rainfall amounts were computed for the time period associated with each of the flood events, based on radar rainfall data. 5 Fifteen years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) of high-resolution (15 min, 1 km 2 ) Hydro-NEXRAD radar rainfall fields were available for this study, based on volume scan reflectivity observations from the NWS-operated Weather Surveillance Radar 1988 Doppler (WSR-88D) radar in Greer, South Carolina (radar code KGSP, see figure 1c ). The Hydro-NEXRAD processing system was developed to generate radar rainfall estimates for hydrologic applications by converting three-dimensional polar-coordinate volume scan reflectivity fields from NWS WSR-88D radars into two-dimensional Cartesian surface rainfall fields (Krajewski in mm/h, Z is radar reflectivity in mm 6 /m 3 ), a 53 dBZ hail threshold, and several standard quality control algorithms are used (see Seo et al. (2011) for more details). No range correction algorithms are used in this study. The data set has been extensively validated in Wright et al. (2014b) and used for rainfall frequency analysis in Wright et al. (2013) . Mean field bias correction of the radar rainfall is done at the daily scale using 71 rain gages from the Charlotte Rain gauge Network ( 
Hydrograph and basin average rainfall characteristics
The following rainfall metrics were defined per event, based on basin-average rainfall rates derived from radar-rainfall data at 15 minutes, 1 km 2 resolution:
Basin-average rainfall rate : :::::: 
Total rainfall depth per event :::: (mm):
Maximum 15-minute rainfall intensity : ::::::: (mm/h):
(4) 15 The following metrics were used to analyse relationships between rainfall and hydrologic response; flow values were normalised by basin area and expressed in m 3 /s/km 2 , to allow comparison among different basins:
Maximum normalised peak flow : ::::::::: (m 3 /s/km 2 ): :
Where: Q: instantaneous flow observation, at 1 minute intervals ::::: (m 3 /s); A: basin area ::::
Total normalised runoff volume :::: (m 3 ):
Flood event duration :::::: (hours): T Q , defined as the interval between the time when the unit hydrograph continuously rises above 0.05 m 3 /s/km 2 and falls below 0.01 m 3 /s/km 2 .Thresholds were established based on visual inspection of the hydrographs and work well for flood events with a single peak (or events separated from other flood peaks by at least 6 hours). For flood events with multiple peaks (i.e. flood peaks that are either preceded or followed by another flood peak within a short time, e.g., 1 hour), these thresholds can result in anomalously long event durations that are not representative of hydrological response behaviour.
For these events, we manually determined the start and end time for each of the "multi-peak" events by visually inspecting the hydrographs. We further checked the duration for "single-peak" events through visual inspections, to ensure consistency in the 5 definition of event duration.
Lag time (T l ): ::::: hours): ::: T l , ::::::: defined :: as :::: the time difference between basin-average rainfall peak and maximum peak flow, computed from the time distance between the time of peak flow and time of basin-average maximum rainfall intensity during the preceding 12-hour time period. In our initial analyses, we used two methods to compute lag times, based on peak-to-peak and on distance between centroids of hyetograph and hydrograph. The latter resulted in a large number of negative lag time 10 values, associated with events with multiple rainfall and/or peak flows. After visual inspection of hyetographs and hydrograph peaks, we decided that peak-to-peak time gave a better representation of the response between rainfall and peak flows for most events, hence we decided to stick to this lag time definition in our analyses. Rainfall fractional coverage :: (-) was computed as follows: RWD : is :::::::::: normalised :: by : maximum flow distance in the networkand is defined , : as follows: and combines both temporal and spatial rainfall variation , while the latter focuses on the spatial aspect of rainfall distribution, summarising it for the total accumulated rainfall per storm event (Smith et al., 2005) .
20
RWD dispersion was computed, to provide an indication of whether rainfall spatial distribution ::::: spatial ::::::: rainfall :::::::: variability : as imposed by the flowpath network is unimodal or multimodal. The normalised RWD dispersion ::
(-) was defined as (Smith et al., 2005) :
Wheres is the dispersion for uniform rainfall:
RWD dispersion takes the value 1 for uniform rainfall; values below 1 are associated with unimodal spatially distributed rainfall and values above 1 represent multimodal spatially distributed rainfall peaks in relation to the flowpath network.
To further investigate the influence of spatial distribution of urbanisation on urban flood response, we computed ::::::::: normalised 5 RWD strictly for pixels with impervious cover larger than 80%, classified as high-intensity development in the NLCD dataset. 
Where I(x) is an impervious indicator and takes value 1 for pixels with impervious cover > 80% and 0 for pixels with impervious cover < 80%. The following summary statistics were retained for ::::::::: normalised RWD: mean, minimum, maximum, coefficient of variation and gradient as well as RWD for event-total accumulated rainfall. We analysed time-varying spatial coverage by the storm core (>25 mm/h), ∆Rcov/∆t, in relation to basin-average rainfall ∆R/∆t to see how much of change in rainfall intensity is associated with change in storm core coverage of the basin. We analysed ∆R/∆t versus ∆RW D/∆t to see how change in 20 rainfall intensity relates to movement of the storm relative to the flow path network. Correlation analyses were performed for all combinations of metrics associated with basin-average rainfall, flow hydrograph, spatial rainfall variability and imperviousness distribution, based on Spearman rank correlations. Correlations were tested for significance at the 5% level (p-value < 0.05, based on t-test).
3 Results and discussion shown). This effect is even stronger for peak-to-peak ratios: variability in terms of coefficient of variation :: CV : is very low for the more impervious basins (0.5 and 0.6 respectively for Upper and Lower LSugar) compared to the other basins (CV-values 5.1, 4.2 and 3.7 for LHope, Upper and Lower Briar, respectively).
Boxplots showing 10%, 25%, 50%, 75% and 90% quantiles (a) and empirical histograms (b) of fractional basin coverage by maximum rainfall intensities >25 mm/h, representative of the storm core, for the five basins in the Little Sugar Creek catchment 5 3.2 Rainfall spatial :::::: Spatial ::::::: rainfall variability and fractional basin coverage Spatial rainfall variability was analysed based on coefficient of variation (CV) of rainfall intensities per time step. Mean CV values vary from 1.24 for the smallest to 3.51 for the largest basin, showing that rainfall tends to be more spatially uniform for smaller basins compared to larger basins. Spatial variability is high compared to temporal rainfall variability based on basin-average rainfall, where CV values vary between 0.94 and 1.03 (no clear relation with basin size). This is partially a 10 result of the difference in aggregation scales: basin-average rainfall is aggregated over 7 to 111 km 2 and 15 minutes, while spatially variable rainfall is aggregated over 1 km 2 and several hours rainfall duration. Additionally, spatially varied rainfall data include far more zero values, which leads to strongly skewed distributions, as is confirmed by large differences between mean and median, while these differences are small for temporal rainfall variability. Still, these results show that rainfall for the selected flood events tends to be highly spatially variable. Moreover, spatial variability changes with time :::: over ::: the ::::::: duration Figure 3 shows boxplots and emprical histograms of fractional rainfall coverage, i.e. the maximum percentage of basin area covered by rainfall intensities larger than 25 mm/h during storm events, representing the most intense core of the storm. The boxplots show that storm cores exceed basin scale for 43% and 23% of the storms in the two smallest basins (7 and 13.3 km 2 , 25 respectively). For the larger basins this decreases to 10, 4 and 2% respectively (for basin size 31.5, 48.5 and 111.1 km 2 ). Similar results were shown by Smith et al. (2002) and Syed et al. (2003) for the same range of (sub)basin sizes, for respectively 5 storms using radar rainfall data and for 300 summer storms in Arizona using interpolated rain gauge data. Another interesting features appears in the empirical histograms: for the smaller basins fractional coverage values tends to be either small compared to basin size (coverage 0-20%) or approaching basin size (coverage 80-100%). Table 2 shows the degree of overlap in selected storm events between the 5 (sub-)basins. The table shows that 54% to 69% of events in the largest Figure 4 shows scatter plots of fractional coverage versus peak flow. The plots show that there is a tendency for peak flows to increase with fractional coverage and that the top peak flow values are generally associated with 100% basin coverage by the storm core. This confirms results found by Smith et al. (2002) who concluded that the relation between storm scale and basin was an important driver for flood response and Syed et al. (2003) who found that areal coverage of the storm core was better correlated with runoff than area coverage of the entire storm. Our results show that for the urbanised basins in Little 5
Sugar Creek, some of the highest peak flows ::: (top :: 10 :::::: events :: in ::::: flood ::::::: catalog) occur for fractional coverage well below 100%.
This could be associated with urbanisation effects changing the upper tail of the peak flow distribution, as was suggested by ? :::::::::::::: Zhou et al. (2017) , resulting in a different representation of storm events in the highest quantile peak flows.
We analysed relationships between fractional coverage and rainfall intensity to see whether changes in basin-average rainfall are strongly tied to change in fractional coverage by the storm core, associated with the storm core moving into or out of the basin. Spearman rank correlation between 1st order differences in rainfall intensity and rainfall coverage with time (∆R/∆t Table ? ? summarises Spearman rank correlation values between ::::: Figure In this section we investigate how the combination of storm position and movement in time influence hydrological response. 5 We analysed correlations with peak flow and lag time for minimum, meanand maximum : , :::::::: maximum ::: and ::::::: gradient :: in :::::::::: normalised RWD over a range of time windows. Table 3 summarises correlation values for peak flow and lag time, in relation to rainfall depth, rainfall intensity and mean RWD. Highest correlations with peak flow were found for RWD-values associated with a 2 or 2.5 hour time window, except for LHope, where highest correlation was :::::: rainfall ::::: depth ::: and ::::::::: maximum :::::::: intensity; ::::::::: significant -0.29 and -0.23 for Lower LSugar, respectively. In these two basins , rainfall concentrated near the outlet was associated with significantly higher peak flows. Correlations were weaker than those between rainfall depth or peak rainfall intensity and peak correlation between RWD and peak flow for the Upper and Lower LSugar basins is the spatial distribution of impervious area associated with the urban core of Charlotte. This will be analysed in more detail in section 3.4. No significant correlations between ::::: RWD ::: and ::::: peak :::: flow : were found for ::::: Upper ::: and : Lower Briar, which suggests that spatial rainfall distribution does not influence peak flows, possibly due to a strong smoothing effect of the flowpath network in this relatively large and less urbanised basin :::: these ::::::: basins. ::::: Figure smaller ::::: basins :::: like ::::::: LHope). 5 We separately investigated correlations between rainfall-weighted flow distance and hydrological response for a subset of clear, single-peak events, to exclude more complex correlation patterns associated with multi-peak events. Single peak events tend to show slightly higher correlations compared to multi-peak events, between rainfall properties or rainfall-weighted flow distances and peak flow or lag time ( figure 6d ). We also investigated whether correlations were different for small-scale storms compared to large-scale storms, by splitting the storm catalog into events with maximum rainfall coverage >25 mm/h above 10 and below 50%. Correlation values for the two subsets improved for some cases, but improvements were not consistent across different basins. Finally, we investigated correlations for a subset of the storm event catalog, with strong relation between storm movement and rainfall-weighted flow distance, as indicated by strong correlation between, implying that change in rainfall intensity is closely associated with rainfall moving across the basin. The number of events with significant ∆R b /∆t versus ∆D Rw /∆t correlation varied from 12 for Lower Briar to 22 for Upper LSugar, i.e. 22% to 34% of the storm catalog. Generally, 15 correlations with peak flow and lag time improved, indicating that storm movement into and out of the basin, leading to changes in basin-average rainfall intensity, significantly contributes to explaining variability in hydrologic response. Investigations for event subsets served as a first exploration of potential multivariate relationships in the datasets. Results showed that explaining variability in hydrological response based on rainfall-weighted flow distance is more straightforward for single peak events than for multi-peak events and that storm movement into and out a basin plays a significant role in explaining variability in 20 hydrological response. Table 3 shows that lag time was significantly negatively correlated with gradient in RWD associated with storm movement, for Upper Briar, Upper and Lower LSugar. This implies that storms moving faster towards the basin outlet were associated with slightly shorter longer ::: lag times. Figure 7d shows that the relationship with flow distance :::: RWD : gradient is more subtle: small 30 (near zero) gradients tend to be associated with longer lag times, while fast moving storms tend to be associated with short lag times. Negative correlation with lag time is explained by negative gradients dominating over positive gradients. Additionally, figure 7c shows that large peak flows tend to occur for gradients near zero, i.e. slow moving, near-stationary storms (relative to the flow path network) or moving storms of larger size than the basin area (especially for smaller basins like LHope).No significant correlations were found between dispersion of rainfall weighted flow distance and peak flow or lag time, showing that temporal variability in uni-or multimodality of storm events does not have a significant influence on hydrological response.
Summary of correlations between peak flow (Qpeak
Scatter plots for storm-total RWD (2-hour window) versus lag time (a); maximum RWD (2-hour window) versus peak flow (b); gradient in RWD (2-hour window) versus peak flow (c) and versus lag time (d).
In this section we analysed influence of position and movement of storms relative to the flowpath network on hydrological 5 response. Results showed that spatial rainfall variability was strongly smoothed by the flowpath network, confirming similar results found by Smith et al. (2005) for a small (14. ::: 14.3 : km 2 ) basin. We found that in small basins rainfall concentrated in the upstream part of the basins was associated with higher peak flows, while in larger basins rainfall concentrated near the outlet was associated with significantly higher peak flows. Correlations were of the same order of magnitude or slightly weaker than those between total rainfall depth or peak rainfall intensity and peak flow. This confirms results found by Smith et al.
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(2002) who found that for only 1 of 5 storms they analysed, storm position and movement amplified peak flow. While Syed et al. (2003) found that the importance of storm position increased with basin size, this effect was not clearly visible for the basins we investigated in our study. Slow moving, near-stationary storms (relative to the flow path network) :::: were : associated with longer lag times in some, but not all basins; near-stationary storms also tend to be associated with higher peak flows.
Early ::::: Earlier : studies have surmised sensitivity of hydrological response to storm position and movement to be highest when 15 computed over time-windows equal to the basin lag time (Zoccatelli et al. (2011); Nikolopoulos et al. (2014) ). In our analyses, we found no relation between time-window for computation of storm position or movement and basin response time.
Spatial distribution of impervious areas, spatial rainfall variability and hydrological response
Spatial distribution of rainfall in relation to distribution of impervious areas in the basins is expected to have an influence on peak flow and lag time, since rainfall that falls on impervious areas generates relatively more runoff and runs off faster compared 20 to pervious areas. The degree of interaction between spatial rainfall variability and spatial imperviousness distribution is likely to depend on two factors: degree of impervious cover in a basin and degree of spatial variation in imperviousness. Figure 8a shows the cumulative distribution of basin area as a function of distance along the flow path ::::::: flowpath : network for the five basins in Little Sugar Creek. Figure 8b shows the cumulative distribution for impervious areas. Gradients steeper than the 1-to-1 line indicate where basin area, relatively imperviousness is ::::::::: impervious ::::: areas ::: are concentrated along the flowpath network. 25 Imperviousness is most inhomogeneously distributed for LHope, where it is almost entirely concentrated in the upstream part of the basin (above 0.55 normalised distance along the flowpath network). In Upper Briar, impervious areas is more concentrated between 0.4 and 0.6 normalised RWD. In Upper LSugar, imperviousness is nearly homogeneously distributed along the flowpath networkin Upper LSugar. In Lower LSugar and Lower Briar impervious areas are slightly more concentrated near and just downstream of the mean flowpath distance. 30 We analysed the influence of rainfall spatial ::::: spatial ::::::: rainfall : variability in relation to the distribution of impervious areas based on a binary weighting of ::::::::: normalised : RWD by imperviousness, ::::: D I (t), : as described in section 2.2.2. Variability in RWD per event increased, i.e. mean coefficient of variation in RWD is higher when weighted by imperviousness than for total basin area, for 3 of the 5 basins: LHope, Upper Briar and Lower LSugar. This is illustrated in the scatter plots for RWD and imperviousness-weighted ::::: RWD : and peak flow changed little or slightly decreased compared to those based on total basin area.
The overall effect was that correlations based on impervious-weighted :::::::::::::::::::: imperviousness-weighted : RWD for both peak flow and flows : to impervious covercan be explained. Apart from impervious cover, the effect of spatial distribution of urban soils with relatively lower permeability than natural soils, could ::: can be analysed using the same approach. Eventually this could result in :::: This ::: will ::::::: provide ::::: better ::::::: insights ::: into : characteristic imperviousness cover and variability scales that determine sensitivity of hydrological response to spatial rainfall variability. 10 25
The objective of this study is :::: was to provide insights into how rainfall spatial and temporal : varies strongly with basin scale: for the smallest, 7 km 2 basin, intense storm core exceeds basin scale for 43% of the storms, while 30% of the storms cover less than half of the basin. For the largest basin, storm core exceeds basin scale for only 2% of the storms and 44% of events cover less than half the basin area. Empirical histograms of rainfall coverage for intensities above 25 mm/h show that for the smaller basins, up to 31.5 km 2 , storm events largely fall into two groups: large-scale events, with intense storm core exceeding basin scale 25 and small-scale events, with storm core covering less than 20% of the basin. 6. The combination of spatial rainfall structure and flow path ::::::: flowpath network (expressed in terms of rainfall-weighted flow distance) plays a smaller role in explaining variability in hydrological response compared to rainfall volume and peak intensity. This could be explained by spatial rainfall variability having a relatively small contribution to flow variability compared to climatological rainfall variability, as shown by Peleg et al. (2017) . Another explanation is that rainfall spatial Additionally, slow moving storms are generally associated with longer lag times.
8. Impact of spatial variability in urbanisation ::::: urban :::: land ::::: cover on hydrological response is investigated based on rainfallweighted flow distance over impervious areas. We find that urbanisation played only a minor role in explaining variability in peak flow and lag time. This is likely to be explained by the effect of reduced variability in RWD between events Creek ::::::::: catchment. 
